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Purpose: Vietnam is estimated to have approximately 30,000 hemophilia B (HB) carriers, with hundreds of new cases registered
annually. However, comprehensive molecular studies on HB remain limited. Therefore, this study aimed to characterize genetic
variants and assess their clinical significance in unrelated Vietnamese patients with HB.

Patients and Methods: This study included a cohort of 143 unrelated HB patients with diagnosed FIX levels. Genetic analysis of the
F9 gene was performed using DNA sequencing and other molecular techniques. Variant pathogenicity was classified following
ACMG/AMP guidelines, supplemented by computational predictions and clinical data.

Results: A 100% variant detection rate was achieved, identifying 83 unique variants from 143 patients. Single nucleotide variants
were predominant, with missense variants accounting for 71.08%. Of the 83 unique variants, 20 novel variants were identified,
including six missenses, four nonsenses, four frameshifts, two large deletions, two in-frame deletions, and two splice-site variants. The
serine protease domain contained the highest proportion of variants (49.4%). Pathogenicity analysis revealed a predominance of severe
phenotypes (72.03%). Among the novel variants, twelve were classified as pathogenic, one as likely pathogenic, and seven as variants
of uncertain significance. A noteworthy case was the NM_000133.4:¢.-21C>T promoter variant associated with HB Leyden, which
demonstrated age-dependent improvements in factor IX levels.

Conclusion: This study expands the mutational spectrum of HB in the Vietnamese population and provide critical insights into
genotype-phenotype correlations. The identification of novel variants enhances diagnostic precision and underscores the importance of
comprehensive genomic analyses in understanding disease mechanisms.
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Introduction
Hemophilia B (HB) is a rare X-linked recessive bleeding disorder caused by variants in the F9 gene, leading to
a deficiency or dysfunction of coagulation factor IX (FIX). HB is further classified into mild, moderate, and severe
forms based on the residual plasmatic activity of FIX. This condition predominantly affects males, while females
typically act as carriers. Symptomatic cases in females are rarely reported." The global birth prevalence of HB is
approximately 1 in 30,000 male births, although reported rates vary considerably between countries, ranging from 0.01 to
8.07 per 100,000 males.” These variations likely reflect differences in diagnostic capabilities and healthcare systems.’
In Vietnam, the epidemiology of HB reflects global trends and local factors. The estimated prevalence of HB in the
Vietnamese population is approximately 1 in 60,000 males. Data from the Hemophilia Center at the National Institute of

Hematology and Blood Transfusion, Vietnam’s central Hemophilia center, suggests that hundreds of new cases are
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identified each year.4 Furthermore, the center estimates that around 30,000 individuals in the country are carriers of the
condition.*

The F9 gene, located on the X chromosome (Xq27.1), spans approximately 34 kilobases (kb) and comprises eight exons
and seven introns. The molecular characterization of F'9 gene variants has shown remarkable progression over the past three
decades, with considerable expansion in the documentation of unique mutations. Initial report in 1990 by Giannelli et al
identified 216 unique variants, establishing the foundation for systematic mutation cataloging in HB.> A pivotal expansion
occurred with the establishment of an interactive database platform, which by 2013 had documented over 3,000 pathogenic
mutations and polymorphisms.® As of 2024, the database included more than 3,700 variants (Factor IX Variant Database,
http://www.factorix.org/), reflecting enhanced molecular diagnostic capabilities and increased genetic screening in previously

underrepresented populations. This exponential growth in variant identification has significantly improved the understanding
of genotype-phenotype correlations and facilitates more accurate genetic counseling and therapeutic decision-making in HB
management. Understanding DNA variations in the F'9 gene is essential for establishing diagnostic protocols, facilitating
prenatal diagnosis, and enhancing the care, management, and treatment of HB.

However, Vietnam currently lacks comprehensive studies on the F9 gene and HB as a specific bleeding disorder. The
identification of novel F9 variants holds substantial clinical significance for advancing HB patient care in Vietnam’s
healthcare landscape. In the Vietnamese context, where healthcare resources require optimal allocation, understanding
specific genetic variants helps prioritize high-risk patients and guides prophylaxis regimens. The capability to conduct
prenatal screening and genetic counseling becomes more robust with expanded variant knowledge, enabling informed
reproductive decisions for affected families. Furthermore, novel variant identification contributes to the global understanding
of F'9 mutational spectrum, particularly significant for Asian populations, which may harbor distinct genetic profiles. This
molecular insight supports Vietnam’s progression toward precision medicine approaches in HB management, potentially
reducing treatment complications and improving cost-effectiveness through targeted interventions. The integration of novel
variant data into clinical practice ultimately strengthens the foundation for evidence-based HB care in Vietnam’s developing
healthcare system. Therefore, this study aimed to investigate the prevalence and clinical significance of genetic variations
associated with HB in the Vietnamese population. By elucidating the genetic landscape of this disorder, this study seeks to
enhance the understanding of HB and provide valuable insights to support its management and treatment in Vietnam.
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Material and Methods

This study included a cohort of 143 unrelated patients diagnosed with HB following the criteria of the World Federation
of Hemophilia. All patients were managed at the Hemophilia Center of the National Institute of Hematology and Blood
Transfusion.

Peripheral blood samples collected from the HB patients were used for coagulation assays and subsequent genetic
analyses. FIX levels were measured using a standard 1-stage clotting assay with HemosIL FIX-deficient plasma
(Instrumentation Laboratory Company, MA, USA). Inhibitor screening was conducted systematically in all patients
using the activated partial thromboplastin time (APTT) mixing test without incubation at 6-month intervals. Additional
screening assessments were initiated upon detection of suboptimal therapeutic response to FIX replacement therapy. In
cases where the APTT mixing study demonstrated incomplete correction, inhibitor quantification was subsequently
performed utilizing the Bethesda assay methodology. For molecular analysis, genomic DNA was extracted from
peripheral blood using the QIAmp DNA Blood kit (QIAGEN, Germany).

Genetic Analysis Techniques

Genetic variant analysis was adapted from protocols established by the Mayo Clinic and the UK Haemophilia Genetics
Laboratory Network.”® DNA analysis of the F9 gene was performed using Next-generation sequencing for 105 samples
and Sanger sequencing for 38 samples. For patients with a suspected large gene deletion/insertion, multiplex ligation-
dependent probe amplification (MLPA) was performed to assess the sample.

Primer Design and F9 Gene Amplification
NGS primers were designed using the Primer3 tool,” targeting the complete DNA sequence of the F9 gene
(NM_000133.4), including all exons, introns, and untranslated regions. In silico evaluation of primers was performed
using the Nucleotide BLAST tool (NCBI) to ensure precise targeting of the 9 DNA sequence. Primer binding
temperatures (Tm) were optimized using gradient PCR. Long-range amplification method was utilized to successfully
amplify large fragments of /9 gene, using UltraRun LongRange PCR master mix (QIAGEN, Germany) and optimized
PCR program. This includes the first denaturation step at 95 °C for 3 minutes, then 35 cycles of 95°C for 30 seconds
followed by 65°C for 5 minutes, the last step of 65°C for 10 minutes was added to complete the target amplification.
Sanger sequencing primers were followed the protocol from the Thalassemia and Haemophilia Molecular Reference
Laboratory, Monash Medical Centre, Melbourne, Australia. The nucleic acid sequences of primers are listed in

Supplement 1.

Molecular Analysis

Sanger sequencing was performed on the AB3500 Genetic Analyzer (ThermoFischer, USA) using BigDye Terminator
v3.1 Mix (ThermoFishcher, USA) and DyeEx 96 kit (QIAGEN, Germany). For NGS analysis, DNA fragments in the
target gene region were enriched and indexed using Nextera XT DNA Samples Preparation and Nextera XT Index Kits
(Illumina, USA) and then sequenced on the MiSeq sequencer with the MiSeq v2 Reagent Kit — 300 cycles (Illumina,
USA). DNA libraries were subjected to paired-end sequencing with 152 cycles from each end. A minimum coverage
depth of 30X was required for accurate variant identification. Samples with missing PCR amplicons or undetected
variants were analyzed for the DNA copy number variation using SALSA MLPA Probemix P207 F9 (MRC Holland, The
Netherlands).

Sequencing data analysis and variant calling were performed using CLC Genomics Workbench version 20 (QIAGEN,
Germany), while MLPA data was interpreted using Coffalyser software (MRC Holland, The Netherlands). The cDNA
(¢). and protein (p). nomenclature of F9 variants were based on the RefSeq reference sequence database (NCBI)
NM 000133.4 and protein reference sequence NP 000124.1 according to the recommendations of the Human
Genome Variation Society (HGVS). Variant classification was based on the 2015 American College of Medical

Genetics and Genomics guidelines for sequence variant interpretation.
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Variant Interpretation

Variant databases from the European Association for Hemophilia and Allied Disorders and the US Centers for Disease
Control and Prevention were referenced to confirm the presence of pathogenic variants in the patients. The interpretation
of novel variants in the F'9 gene was conducted using the ACMG/AMP guidelines supplemented with the quantitative
scoring framework outlined.'®"! For in silico variant prediction analysis, distinct computational tools are employed based
on variant type: REVEL score for missense variants, SPLICE AI for splice site alterations, and SIFT INDEL for
insertions and deletions. Moreover, each variant was evaluated for its potential pathogenicity by applying weighted
criteria across evidence categories, including population frequency, computational predictions, functional studies, and
clinical presentation. Loss-of-function variants, such as nonsense, frameshift, and critical splice site changes, were
assigned strong evidence under PVS1, while population rarity (PM2), evolutionary conservation (PM1), and computa-
tional predictions (PP3) provided additional support. Phenotypic data from patients were integrated as supporting
evidence (PP4) when available. Using the point-based scaling of ACMG/AMP, the total evidence was quantified to
assign variants into one of five classification tiers: pathogenic, likely pathogenic, uncertain significance, likely benign, or
benign.

Results

Characteristics of the Study Group

The study cohort comprised 143 unrelated individuals, including one female patient. The female case resulted from her
mother being a carrier and her father being an HB patient. The mean age of the cohort was 23 years (range: 3—76 years).
Most patients (72.03%) exhibited severe disease phenotypes, while only a few (4.9%) presented with mild disease. No
patients were detected to have developed FIX inhibitors. More details are shown in Table 1.

|dentification of F9 Gene Variant in Patients with Hemophilia B

DNA analysis confirmed that all patients carried variants in the F9 gene, yielding a 100% detection rate. Eighty-three
unique variants were identified and distributed across coding, non-coding, and untranslated regions. Most of the variants
(n = 75) were located in the coding regions spanning exons 1-8. Exon 8 had the highest number of variants (n = 35),
including missense and frameshift mutations, followed by exon 2 with 13 variants. Two variants were observed in the 5’
UTR region, while six variants were detected in intronic regions. These intronic variants included splice-site alterations
such as NM_000133.4:¢.277+4A>G and NM_000133.4:¢.278-3A>G. There was one case with a variant at position c.-
21C>T in the promotor region of the F9 gene (NM_000133.4). This patient initially had prepubertal FIX levels of 4%,
which increased to 8.9% at age 14 and 23.6% at age 18.

Table | Characteristics of the Study Group

Characteristics Number of Patients (%)
FIX level (%) < 1% (severe) 103 (72.03)
1-5% (moderate) 33 (23.08)
> 5%—< 40% (mild) 7 (4.90)
FIX Inhibitor With inhibitor 0
Without inhibitor 143 (100)
Sex Male 142 (99.30)
Female 1 (0.70)
Age (years) 23+16 (min: 3; max:76)

Abbreviation: FIX, Factor IX.
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Most of the variations were single nucleotide variants (SNVs), predominantly missense mutations (71.08%, n = 59).

Nonsense mutations and splice-site variations each accounted for 6.02% (n = 5) of the total variants. Notably, large

deletions affecting one to eight exons constituted approximately 6% of all variants, distributed as follows: single-exon
deletion (1.21%), two-exon deletion (2.41%), three-exon deletion (1.21%), and complete gene deletion (1.21%). Small
deletions were observed in 4.42% of cases, equally distributed between single codon deletions (2.41%) and frameshift
mutations (2.41%).

The mutations exhibited diverse patterns across different functional domains, with the serine protease domain

containing the highest number of variants (49.39%, n = 41). The GLA domain contained nine variants (10.84%),
while the EGF domains collectively had 12 variants (14.46%), distributed between EGF1 (n = 6) and EGF2 (n = 6).
Severity classification demonstrated a clear predominance of severe phenotypes, with 66 variants (79.52%) associated

with severe disease manifestation. Nine variants accounted for moderate phenotypes (10.85%), while mild expressions

were observed in five cases (6.02%). Notably, three variants (3.61%) exhibited mixed severity patterns.

Detailed characteristics and distribution of the variant are summarized in Table 2 and Figure 1.

Table 2 Summary of the 83 Unique F9 gene Variants Identified in 143 Unrelated Vietnamese Patients with Hemophilia B

No HGVS ¢cDNA HGVS Protein Exon/Intron Domain Number of Patients | Severity (Clinical Data) | Reported
| c-55G>A N/A SUTR Promoter 2 S Yes
2 c-21C>T N/A 5'UTR Promotor | Mo No
3 c.88G>T p.(Val30Phe) Exon | PRO | S No
4 c.128G>A p.(Arg43GIn) Exon 2 PRO 4 S, Mo. Yes
5 c.127C>T p-(Arg43Trp) Exon 2 PRO 7 S, Mo, M. Yes
6 c.137G>T p.(Arg46Met) Exon 2 PRO | Mo Yes
7 c.137G>A p.(Arg46Lys) Exon 2 PRO [ S Yes
8 c.149G>A p-(Gly50Asp) Exon 2 GLA 3 M Yes
9 c.l61_l62del p.(Glu54Valfs*7) Exon 2 GLA | S Yes
10 c.190T>C p.(Cys64Arg) Exon 2 GLA | S Yes
I c.192T>G p.(Cys64Trp) Exon 2 GLA | S No
12 c206G>A p.(Cys69Tyr) Exon 2 GLA 3 S Yes
13 c212T>C p.(Phe71Ser) Exon 2 GLA | M Yes
14 c2I15A>G p-(Glu72Gly) Exon 2 GLA | S Yes
15 c223C>T p-(Arg75%) Exon 2 GLA 4 S Yes
16 c224G>A p-(Arg75GIn) Exon 2 GLA | M Yes
17 c253-1G>C N/A Intron 2 N/A | S Yes
18 c277+4A>G N/A Intron 3 N/A | S Yes
19 c278-3A>G N/A Intron 3 N/A 2 S Yes
20 c.344A>G p.(Tyr115Cys) Exon 4 EGFI | S Yes
21 c.348_349insGA p.(Cys| 17Aspfs*15) Exon 4 EGFI | S No
22 c.349T>A p.(Cys!17Ser) Exon 4 EGFI 2 S Yes
23 c.355T>C p-(Cys|19Arg) Exon 4 EGFI | S Yes
(Continued)
Journal of Blood Medicine 2025:16 htps: 167
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Table 2 (Continued).

No HGVS ¢cDNA HGVS Protein Exon/Intron Domain Number of Patients | Severity (Clinical Data) | Reported
24 c.382T>C p.(Cys128Arg) Exon 4 EGFI | S Yes
25 c.383G>A p.(Cys128Tyr) Exon 4 EGFI 2 S Yes
26 c.418-2_864+del p-(2) Exon 4 to 6 EFGI-EFG2-AP [ S No
27 c.407_408insGTAACAT p-(Asn135%) Exon 5 EGF2 [ S No
28 c422G>A p-(Cys141Tyr) Exon 5 EGF2 | S Yes
29 c433T>C p.(Cys145Arg) Exon 5 EGF2 | S Yes
30 c470G>T p.(Cys157Phe) Exon 5 EGF2 | S No
31 c.547-2_749+1del p.(?) Exon 5 EGF2 | S No
32 c.518_520del p-(Alal73del) Exon 5 EGF2 | S Yes
33 c.520+13A>G N/A Intron 5 N/A | Mo Yes
34 ¢.520+2T>C N/A Intron 5 N/A | S No
35 c.536G>A p.(Gly179Glu) Exon 6 Linker | S Yes
36 c571C>T p-(Argl91Cys) Exon 6 Linker | Mo Yes
37 c.577G>T p-(Glul93*) Exon 6 Activation | S No
38 c.655C>T p-(GIn219%) Exon 6 Activation | S Yes
39 c.676C>T p-(Arg226Trp) Exon 6 Activation 2 S Yes
40 c.677G>A p-(Arg226Gin) Exon 6 Activation 2 S Yes
41 c.689G>T p-(Gly230Val) Exon 6 SP [ S No
42 c718T>C p.(Trp240Arg) Exon 6 SP [ S Yes
43 c.755G>C p.(Cys252Ser) Exon 7 SP | S Yes
44 c761G>A p.(Gly254Asp) Exon 7 SP [ S Yes
45 c.865-1_2800+?del p-(0) Exon 7 to Poly A SP [ S Yes
46 c.838+1G>A N/A Intron 7 N/A | S Yes
47 c871G>A p-(Glu291Lys) Exon 8 SP | Mo Yes
48 c.874C>T p.(GIn292%) Exon 8 SP | S No
49 c.880C>T p.(Arg294*) Exon 8 SP 3 Mo, S. Yes
50 c.881G>A p-(Arg294Gin) Exon 8 SP 18 Mo Yes
51 c914A>G p.(Tyr305Cys) Exon 8 SP | S Yes
52 c.929delA p-(Asn210llefs | 5%) Exon 8 SP | S No
53 c942T>A p.(His314Gln) Exon 8 SP | M Yes
54 c.947T>C p-(lle316Thr) Exon 8 SP | S Yes
55 c.952del p.(Leu318Phefs*8) Exon 8 SP 2 S No
56 c.956T>C p.(Leu319Pro) Exon 8 SP 3 S Yes
57 c.1004G>A p.(Cys335Tyr) Exon 8 SP [ S Yes
(Continued)
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Table 2 (Continued).

No HGVS ¢cDNA HGVS Protein Exon/Intron Domain Number of Patients | Severity (Clinical Data) | Reported
58 c.1024A>C p.(Thr342Arg) Exon 8 SP | S Yes
59 c.1025C>T p-(Thr342Met) Exon 8 SP 3 Mo Yes
60 c.1060del p.(Ser354Valfs*[4) Exon 8 SP | S No
6l c.1069G>C p-(Gly357Arg) Exon 8 SP | S No
62 c.1084A>T p-(Lys362%) Exon 8 SP | S No
63 c.1088G>A p.(Gly363Glu) Exon 8 SP I S Yes
64 c.l135C>T p-(Arg379%) Exon 8 SP 5 S Yes
65 c.l136G>A p-(Arg379GIn) Exon 8 SP 2 Mo Yes
66 c.l159_1161del p-(Lys387del) Exon 8 SP | S No
67 c.lI8IT>A p.(Met394Lys) Exon 8 SP | S Yes
68 c.|187G>A p.(Cys396Tyr) Exon 8 SP I S Yes
69 c.1213G>A p.(Asp405Asn) Exon 8 SP 7 S Yes
70 c.1220G>C p.(Cys407Ser) Exon 8 SP | S No
71 c.1220G>A p-(Cys407Tyr) Exon 8 SP | S Yes
72 c.1238G>A p.(Gly413Glu) Exon 8 SP I S Yes
73 c.1243C>A p-(His415Asn) Exon 8 SP 2 S Yes
74 c.1276A>G p-(Thr426Ala) Exon 8 SP | S Yes
75 c.1277C>G p-(Thr426Ser) Exon 8 SP | M Yes
76 c.1298A>C p.(Glu433Ala) Exon 8 SP | S Yes
77 c.1298_1304del p.(Glu433Valfs*2) Exon 8 SP | Mo No
78 c.1290C>A p.(Ser430Arg) Exon 8 SP | S Yes
79 c.I331A>G p-(Tyr444Cys) Exon 8 SP | S Yes
80 c.1369A>T p.(Lys457%) Exon 8 SP 3 S Yes
8l c.1372dup p.(Thr458Asnfs*18) Exon 8 SP I S Yes
82 c.865-1_2782+1del p-() Exon 7 to 8 SP | S Yes
83 c.115-2_2782+1del p-() Exon | to 8 All | S Yes

Abbreviations: HGVS, Human Genome Variation Society; S, Severe; Mo, Moderate; M, Mild; PRO, Pro-Peptide; AP, Activation Peptide; SP, Serine Protease; All, All domains;
N/A, Not Applicable.

Identification of the Pathogenicity of Novel Variants

Our comprehensive molecular analysis characterized 20 novel variants in the F9 gene identified through systematic
genetic screening and variant assessment. The variant spectrum comprised 6 missense mutations (30%), 3 nonsense
mutations (15%), 6 small deletions/insertions (30%), 2 large deletions (10%), 2 splice site variants (10%), and 1
regulatory region variant (5%). The missense variants (p.Val30Phe, p.Cys64Trp, p.Cys157Phe, p.Gly230Val, p.
Gly357Arg, p.Cys407Ser) demonstrated reduced FIX activity levels ranging from 0.1% to 0.5%, with in silico
REVEL scores consistently predicting deleterious effects (0.854-0.976). All nonsense mutations (p.Glul93*p.
GIn292*p.Lys362*) and frameshift variants (p.Glul16Glufs*15, p.Asn135*p.Leu318Phefs*8, p.Ser354Valfs*14, p.
Glu433Valfs*2) resulted in severe phenotypes with FIX activity < 0.5%. Two large genomic deletions were identified
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Figure | The frequency of 83 unique variants detected in 143 unrelated Vietnamese Hemophilia B patients classified by variant type (A) and by domain (B).

(c.547-7_749+2del and c.418-? 864+?del), both associated with severe disease manifestation. Splice site analysis
revealed a significant predicted impact for ¢.502+2 T>C (SpliceAl DS=0.66), while the 5" UTR variant c.-21C>T
showed minimal predicted regulatory effect (SpliceAl DS=0.01). ACMG/AMP variant classification criteria were
systematically applied to each variant, incorporating clinical phenotype data, population frequency, computational
predictions, and functional domain impacts. This assessment resulted in the classification of 12 variants (60%) as
Pathogenic, supported by PVS1 criterion and additional evidence (PM2, PP4); 6 variants (30%) as Likely Pathogenic,
based on combinations of moderate (PM1, PM2, PM5) and supporting criteria (PP3, PP4); and 2 variants (10%) as
Variants of Uncertain Significance (VUS), reflecting limited evidence for definitive classification. Factor IX activity
measurements demonstrated correlation with variant classification, with Pathogenic variants typically associated with
severe deficiency (<1%), while Likely Pathogenic variants generally corresponded to moderate deficiency (1-5%). The
clinical classification of novel variants is described in Table 3.

Table 3 Pathogenicity Prediction of Novel Variants in F9 Gene

No HGVS ¢cDNA HGVS Protein FIX In Silico ACMG Criteria Predicted Clinical
Level (%) Prediction Significance
| c.88G>T p.(Val30Phe) 0.4 0.854 PM2 (I pts), PP4 (2 pts), PP3 (I pts), PM5 LP
(2pts)
2 c.192T>G p.(Cys64Trp) <1% 0.932 PM2 (1 pts), PP4 (2 pts), PP3 (I pts), PM5 LP
(2pts)
3 c470G>T p.(Cys157Phe) 0.2 0.972 PMI (2 pts), PM2 (2 pts), PP3 (I pts), LP
PP4 (2 pts)
4 c.577G>T p-(Glu193%) 0.5 N/A PVSI (8 pts), PM2 (2pts), PP4 (Ipts) P
5 c.689G>T p-(Gly230Val) 0.1 0.976 PM2 (2pts), PP3 (Ipts), PP4 (Ipts), LP
PM5 (2 pts)
6 c.874C>T p.(GIn292%) 0.4 N/A PVSI (8 pts), PM2 (2pts), PP4 (Ipts) P
7 c.1069G>C p.(Gly357Arg) 0.1 0.953 PM2 (I pts), PP4 (2 pts), PP3 (I pts), LP
PSI (4 pts), PM5 (2pts)
8 c.1084A>T p.(Lys362%) 0.1 N/A PVSI (8 pts), PM2 (2pts), PP4 (Ipts) P
(Continued)
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Table 3 (Continued).

No HGVS cDNA HGVS Protein FIX In Silico ACMG Criteria Predicted Clinical
Level (%) Prediction Significance
9 c.1220G>C p.(Cys407Ser) 0.5 0.973 PM2 (2 pts), PP4 (2 pts), PP3 (I pts), PSI LP
(2pts), PM5 (2pts)

10 c.348_349insGA p-(Glul 16Glufs*I5) 0.3 N/A PVSI (8 pts), PM2 (2pts), PP4 (Ipts) P

] c.407_408insGTAACAT p-(Asn135%) 0.2 N/A PVSI (8 pts), PM2 (2pts), PP4 (Ipts) P

2 €.929del p.(Asn210llefs*15) 0.1 N/A PVSI (8 pts), PM2 (2pts), PP4 (Ipts) P

13 c.952del p.(Leu3 18Phefs*8) 0.1 N/A PVSI (8 pts), PM2 (2pts), PP4 (Ipts) P

14 c.1060del p.(Ser354Valfs*|4) 0.3 N/A PVSI (8 pts), PM2 (2pts), PP4 (1pts) P

15 c.1159_1161del p-(Lys387del) 0.2 0.85 PM2 (2 pts), PM4 (2pts), PP4 (2pts) VUS

16 c.1298_1304del p.(Glu433Valfs*2) 4.1 N/A PVSI (8 pts), PM2 (2pts), PP4 (Ipts) P

17 c.547-1_749+1del p.() 0.4 N/A PVSI (8 pts), PM2 (2pts), PP4 (Ipts) P

18 c.418-1_864+del p-() <% N/A PVSI (8 pts), PM2 (2pts), PP4 (Ipts) P

19 c-21C>T N/A 4.5 DS = 0.0l PM2 (2pts), PP4 (Ipts) VUS

20 c.502+2 T>C N/A 0.1 DS = 0.66 PVSI (8 pts), PM2 (2pts), PP3 (I pts), P

PP4 (Ipts)

Abbreviations: HGVS, Human Genome Variation Society; FIX, Factor IX; P, Pathogenic; LP, Likely Pathogenic; VUS, Variant of Uncertain Significance; N/A, Not Applicable;
pts, points.

Discussion

Our research is the first large-scale study on the molecular genetics of HB in Vietnam, offering critical insights into the
genetic and clinical characteristics of HB patients. The predominance of male patients in the cohort is consistent with the
X-linked inheritance pattern of HB, which results in the disease primarily affecting males, while females typically act as
carriers.'> Symptomatic females are quite rare.'” The identification of a female patient with HB represents a clinically
significant and genetically complex scenario. Analysis of the inheritance pattern reveals two potential molecular
mechanisms: either the inheritance of pathogenic F9 variants from both parents (compound heterozygosity), or the
inheritance of a single paternal variant accompanied by non-random X-chromosome inactivation (skewed X-inactiva-
tion). Molecular characterization revealed the patient carries the c.881G>A variant in homozygous state, with compre-
hensive family analysis confirming inheritance from a hemizygous father (c.881G>A) and a heterozygous carrier mother
(c.881G>A). This unusual inheritance pattern, while statistically uncommon, can emerge in populations with elevated
rates of consanguinity or in geographically isolated communities where the frequency of hemophilia B carriers and
affected individuals may be higher. This case underscores the importance of comprehensive genetic analysis and pedigree
evaluation in understanding atypical presentations of X-linked disorders, particularly in populations with unique demo-
graphic characteristics.

This comprehensive molecular analysis achieved complete variant detection in the F'9 gene across all 143 Vietnamese
patients with HB, identifying 83 unique variants. This detection rate aligns with findings from recent large-scale studies,
including the work by Goodeve et al documenting >97% mutation detection rates using current molecular diagnostic
approaches.'® The variant spectrum revealed a predominance of SNVs (85.5%), most of which were missense variants.
This distribution parallels findings from the international FIX Variant Database (F9db), which documented missense
variants as the most frequent mutation type among >3,000 pathogenic variants.'> Among these, 71.08% were missense
variants affecting critical functional domains, consistent with Rallapalli et al’s (2013) analysis of structure-function

relationships in FIX.® Small deletions/insertions occurred at lower frequencies (8.43%), comparable to rates reported in
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the studies of Huang et al (2020) and Wang et al (2016).'®'” Large deletions, affecting one or multiple exons, account for
6.02% of the variants, consistent with Li et al’s (2014) comprehensive analysis of HB populations in the Us.'®

Analysis of affected domains reveals that the protease domain is the most frequently impacted (49.4%), showing its
central role in maintaining FIX activity and its association with severe phenotypes. This finding is consistent with those
of previous reports, which highlight the protease domain as a hotspot for pathogenic variants.'> ' The considerable
involvement of the pro-peptide (6.02%) and GLA (10.84%) domains supports their important roles in protein stabiliza-
tion and activation, corroborating findings by Shen et al.** Variants in the EGF1 (7.23%) and EGF2 (7.23%) domains
emphasize their role in structural integrity and receptor interactions, further emphasizing the functional importance of
these regions. Rarely affected regions, such as the linker domain (2.41%), promoter (2.41%), and multiple domains
(2.41%), indicate less-characterized roles in disease but indicate potential contributions to specific phenotypic outcomes.
The lower prevalence of variants in these regions aligns with their less critical roles compared to catalytic and structural
domains."?

In an interesting case, the detection of the ¢.-21C>T variant in the F'9 gene aligns with HB Leyden, a rare subtype of
HB characterized by age-related changes in FIX levels due to androgen-regulated transcriptional activation.”*** Located
in the promoter region, this variant disrupts the binding transcription factors necessary for FIX expression during early
life.”> The gradual increase in FIX levels observed in this patient, from 4% in the prepubertal phase to 8.9% at age 14 and
23.6% at age 18, is consistent with the typical improvement in FIX levels seen in HB Leyden post-puberty.>**® This
biphasic pattern underscores a need for tailored management, with more intensive prophylaxis in early childhood and the
potential for reduced therapy or cessation in adulthood as FIX levels naturally increase. The case also highlights the
importance of understanding the molecular mechanisms of F9 promoter variants, which may inform therapeutic
strategies such as hormonal modulation or gene editing to enhance FIX production.

The identification of three F9 variants exhibiting mixed severity patterns (c.128G>A, ¢.127C>T, and ¢.880C>T)
provides valuable insights into the complex genotype-phenotype relationships in HB. These findings align with Chavali
et al’s observation of “phenotypic plasticity” in HB, where certain mutations show variable clinical manifestations.?” The
variants ¢.128G>A and c.127C>T, both affecting arginine 43 in the pro-peptide domain, demonstrated severity ranging
from moderate to severe. This phenotypic variability is particularly notable given the pro-peptide domain’s crucial role in
protein processing and secretion. Goodeve’s comprehensive review emphasizes that variants affecting conserved regions
can have varying functional impacts depending on the specific amino acid substitution.'* The nonsense variant ¢.880C>T
(p-Arg294*) showed an unexpected moderate to severe phenotype pattern. This finding may be explained by Pinotti
et al’s work on ribosome readthrough in HB, where certain nonsense mutations can allow minimal full-length protein
production, potentially moderating the clinical severity.”® The variable phenotype could also reflect the influence of
genetic modifiers or environmental factors, as suggested by Santagostino et al’s study on patients with severe hemophilia
and mild bleeding tendencies.?’ These mixed severity patterns underscore the limitations of traditional factor activity-
based classification systems. As demonstrated by Mancuso et al’s work on clinically severe hemophilia, factor levels
alone may not fully predict the bleeding phenotype.*® The identification and characterization of such variants with
variable expressivity contribute to our understanding of the molecular pathogenesis of HB and highlight the importance
of considering genetic and clinical parameters in patient assessment and management. Future functional studies of these
variants could provide valuable insights into the mechanisms underlying phenotypic variability in HB.

This comprehensive analysis of 20 novel variants in the F9 gene provides crucial insights into the molecular
pathogenesis of Hemophilia B and advances our understanding of variant interpretation in clinical settings. Using the
standardized ACMG/AMP guidelines, our study revealed a diverse spectrum of mutations including nonsense, missense,
insertions/deletions, and splice site alterations, with 12 variants (60%) classified as Pathogenic, 6 (30%) as Likely
Pathogenic, and 2 (10%) as Variants of Uncertain Significance.'® Nine loss-of-function variants resulting in premature
termination codons were uniformly classified as Pathogenic based on very strong evidence (PVS1), supported by
extensive functional studies demonstrating their role in severe disease through haploinsufficiency.’! The six missense
variants, predominantly classified as Likely Pathogenic, showed strong correlation with critical functional domains and
demonstrated consistent in silico predictions with REVEL scores ranging from 0.854 to 0.976, aligning with recent
validation studies.** Of particular interest was the identification of a 5" UTR variant (c.-21C>T) classified as VUS,
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highlighting the ongoing challenges in interpreting regulatory region variants, especially given recent studies demon-
strating complex mechanisms of F9 transcriptional regulation.>® Notably, our analysis revealed genotype-phenotype
correlations, with Pathogenic variants generally associated with severe deficiency (<1% FIX activity) and Likely
Pathogenic variants corresponding to moderate deficiency (1-5%), though individual variation exists as previously
documented.'* The robust classification system employed in this study demonstrates the utility of standardized variant
interpretation while simultaneously identifying areas requiring additional evidence, particularly in the functional valida-
tion of VUS and regulatory variants. Our findings support the continued refinement of F9-specific interpretation guide-
lines and emphasize the critical importance of integrating multiple lines of evidence for accurate pathogenicity
assessment, ultimately contributing to improved diagnostic accuracy and clinical management of Hemophilia B patients.

Based on the analyzed variant data, a comprehensive mapping of F9 gene variants was constructed for HB patients
included in this study. The variant map illustrates all 83 identified variants, their locations, frequencies across exons and
introns of the F9 gene, and their distribution within the functional domains of the FIX molecule (Figure 2). This map
provides a global characterization of the genetic alterations in the F9 gene among Vietnamese patients with HB.

The wide variety of genetic variants identified in this study, including missense, nonsense, frameshift, splice-site
mutations, large deletions, and regulatory changes, underscores the complexity of the molecular background of the
disease. These variants contribute to a spectrum of disease severities, ranging from mild to severe, depending on their
impact on FIX protein synthesis, function, or regulation. While loss-of-function mutations, such as nonsense and
frameshift variants, are often associated with severe phenotypes due to significantly reduced FIX activity, missense
mutations and regulatory variants may result in variable phenotypes based on residual protein function or compensatory
mechanisms, as seen in cases like HB Leyden.”**° Despite these established correlations, several variants remain
classified as VUS, highlighting the gaps in our understanding of their functional impact. Future studies should investigate
the correlation between genotype and phenotype to refine the pathogenicity of these variants, improve the accuracy of
genetic diagnoses, and personalize treatment strategies. Such studies should integrate functional assays, structural
modeling, and large-scale genotype-phenotype datasets to deepen our understanding of the clinical diversity observed
in HB. Finally, carrier testing and genetic studies in female relatives are crucial to identify potential carriers and predict
disease inheritance patterns, especially in cases where severe variants are present in a male member of the family.
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Figure 2 Distribution map of 83 unique variants of 143 unrelated Vietnamese patients with Hemophilia B. Variants were distributed across the coding, non-coding, and
untranslated regions. Most variants were located in the coding regions spanning exons | to 8, with exon 8 exhibiting the highest number of variants (n = 35), followed by
exon 2 (n = 13). Six intronic variants were identified, and variants in the 5" UTR were observed in three patients.
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Conclusion

This study reinforces the established mutation spectrum in HB while providing a deeper understanding of the structural
and functional impacts of variants in the 79 gene. These findings highlight the importance of implementing compre-
hensive genomic analyses in Vietnam, including advanced sequencing technologies, to capture the diverse mutational
landscape comprehensively. Future studies should further investigate the functional consequences of rare variants and
explore novel therapeutic interventions targeting specific domains and variant types.
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